The iron-induced model of post-traumatic chronic focal epilepsy in rats was studied by depth-electrode mapping to investigate the spread of epileptiform activity into subcortical brain structures after its onset in the cortical epileptic focus. Electrical seizure activity was recorded in the hippocampal CA1 and CA3 areas, amygdala and caudate-putamen, in rats with iron-induced chronic cortical focal epilepsy. These experiments showed that the epileptiform activity with its onset in the cortical focus synchronously propagated into the studied subcortical brain areas. Seizure behaviours seemed to increase in correspondence with the spread of the epileptic electrographic activity in subcortical areas. Comparison of the cortical focus electroencephalographic and associated multiple-unit action potential recordings with those from the subcortical structures showed that the occurrence and evolution of the epileptiform activity in the subcortical structures were in parallel with that in the cortical focus. The intracerebral anatomic progression and delineation of seizure spread (mapped by field potential (EEG) and multiple-unit action potentials (MUA) recordings) indicated participation of these regions in the generalization of seizure activity in this model of epilepsy. The seizure-induced activation of the hippocampus appeared to evolve into an epileptic focus independent of the cortical focus. The present study demonstrates the propagation of epileptic activity from the cortical focus into the limbic and basal ganglia regions. Treatment of iron-induced epileptic rats with ethosuximide, an anti-absence drug, resulted in suppression of the epileptiform activity in the cortical focus as well as in the subcortical brain areas.
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Introduction
Iron, in the form of FeCl 2 or FeCl 3 , injected focally in the cerebral cortex of rats produces a spontaneously discharging chronic epileptogenic focus. 1 This experimental epileptogenic focus constitutes an appropriate model of human post-traumatic epilepsy (complex partial seizures resulting from traumatic brain injury), 2 and has often been investigated to understand the mechanism of clinical post-traumatic epilepsy. 1, 3, [4] [5] [6] [7] The epileptiform electrographic activity in the iron-induced focus is thought to result from the reaction of cortical neurons to iron-induced oxidative stress, i.e. the neuronal membrane lipid-peroxidation caused by reactive oxygen species. 3, 8, 9 In humans, traumatic brain injury (resulting from closed head injury) is known to be a risk factor for subsequent development of clinical post-traumatic epilepsy. In the injured brain tissue, hemolysis of extravasated blood cells results in the deposition of iron within the brain tissue. The iron is thought to induce oxidative stress that may be responsible for posttraumatic epileptogenesis. 4 In an iron-induced epileptic focus, the astrocytal uptake of glutamic acid was found to be disrupted. This disruption appeared to be due to an oxidative stress-induced decrease in glial glutamate transporter protein. 2 Decreased levels of the transporter protein would lead to increased levels of extracellular glutamate which is likely to contribute to epileptogenesis. Increased levels of excitatory amino acids were found to be associated with traumatic brain injury. 10, 11 Activated astrocytes themselves were also found to release glutamate in experimental seizures. 12 In FeCl 3 -induced epilepsy, the focal epileptiform activity spreads from its site of origin into the entire cerebral cortex of both the cerebral hemispheres. 13, 14 In the process of this generalization of seizure activity, multiple subcortical areas are likely to operate as a network in the elaboration and exacerbation of spike-wave seizures after their initiation in the cortical focus. 15 Identification of subcortical brain regions involved is necessary for understanding the process of seizure generalization in the iron-model of epilepsy. [16] [17] [18] Stereo-encephalographic [depth electroencephalographic (EEG)] studies will be needed to determine the subcortical brain circuits or structures likely to be involved. 14, 17, 19 Our initial study of iron epilepsy has shown that the cortical focal epileptic activity is propagated to the thalamus, locus coeruleus and substantia nigra. 20, 21 The purpose of the present study was to determine whether the subcortical spread of the epileptiform activity involves some other brain regions.
In this paper, with a view to map the seizure progression to various subcortical brain areas and to further characterize the iron-model of focal epilepsy, we have examined the hippocampus (CA1 and CA3 subfields), amygdala and striatum (caudate-putamen) by simultaneously recording the electroencephalographic epileptic activity and multiple-unit action potentials (MUA) from these structures. We also tested the effect of an antiepileptic drug ethosuximide on the epileptic electrographic activity in this model. Ethosuximide has been reported 22 to desynchronize the hypersynchronizing electrophysiological activity in the reticulo-thalmocortical circuit. This action of the drug may be particularly responsible for its anti-absence effect in humans. 22 Since in the iron-induced cortical focal epilepsy, synchronization of cortical and thalamic activity is involved, 20 it would be of interest to see if ethosuximide is effective against the iron-induced epileptiform electrophysiological seizure activity. Recently, the hypothesis of the subcortical origin of absence seizures has been challenged, 23, 24 and it appears that a focal seizure initiation site for the absence seizures is present in the cerebral cortex rather than in the thalamus. Furthermore, ethosuximide microinfused into the perioral region of the primary somatosensory cortex of rats with genetically determined absence seizures has been found to abolish absence seizures. 23 Ethosuximide's effect on iron-induced seizures would also be of further interest because the iron induction of epilepsy is mediated by oxidative stress-induced lipid-peroxidation, and the drug ethosuximide being a calcium channel antagonist may have an anti-lipidperoxidative effect. 25 
Animals and drugs
Male Wistar rats (60) weighing 250-300 g were housed individually in plastic cages in an air-conditioned room in the University animal house and maintained on a 12-h light:12-h dark cycle, with food and water available ad libitum.
FeCl 3 , urethane, ethosuximide and all other chemicals needed were purchased from Sigma Chemical Company (USA).
Surgical procedures
All experimental protocols were approved by the Jawaharlal Nehru University, Institutional Animal Ethics Committee (IAEC).
Rats were anaesthetized with ketamine (50 mg/ kg) for the duration of the surgery and placed in a rat stereotaxic apparatus (Narishige, Japan). The skull surface was exposed by a longitudinal midline incision in the scalp. The scalp was retracted to the left and right. A burr hole was made over the somatosensory cortex at co-ordinates: relative to bregma (1mm posterior and 2 mm lateral to bregma at a depth of about 1.0 mm ventral to dura according to the methods described earlier. 5 The epileptogenic focus was produced by a unilateral intracortical injection of FeCl 3 (5 ml 100 mM) through the burr hole using a microliter Hamilton syringe held in position by the stereotaxic electrode carrier. In five rats the epileptogenic focus was produced in the right and in the other five in the left cerebral cortex. In control rats the same volume of saline was injected in place of FeCl 3 5 to produce a sham focus. For electrocorticography, experimental and control rats were chronically implanted with four screw or wire electrodes (Plastics one USA) in the parietal bone bilaterally, two in each parietal bone at coordinates (at and 3 mm posterior to bregma, 2 mm lateral to midline and 1.5 mm ventral to dura). One electrode was placed at midline in the frontal bone to be used as a reference electrode. For stereoencephalography (depth EEG), these rats were also implanted with bipolar intracerebral electrodes (obtained from Plastics one USA) in CA1 and CA3 subfields of the hippocampus, amygdala and caudate-putamen (stereotaxic co-ordinates, respectively, were: (CA1) 5.3 mm posterior and 3 mm lateral from bregma and 3 mm ventral to dura; (CA3) 3.8 mm posterior and 4 mm lateral from bregma and 5.5 mm ventral to dura; (amygdala), À1.3 mm anterior and 3.75 mm lateral and 8.75 mm ventral to dura, and (caudate-putamen) 0.2 mm posterior, 3 mm lateral and 5 mm ventral to dura). In five animals, electrodes were implanted in the right cerebral hemisphere and in the other five, in the left cerebral hemisphere. In order to check that there were no animals in this litter of rats showing spontaneous epileptiform activity, cortical and intra-cerebral recordings were also obtained from five normal rats (neither made epileptic by FeCl 3 nor injected with saline (uninjected controls). Animals were allowed to recover from surgery for 3 days. In addition to field potential recordings (electroencephalographically recorded potentials), multipleunit potentials (MUA) were also simultaneously recorded from the five sites. This was done to verify that there was an epileptic activity-associated increase in the neuronal firing at the recording sites. The MUA recording also ensured that the recorded stereoencephalographic epileptic activity represented real epileptogenic EEG signals and cellular activity changes rather than the accidentally recorded field potentials that might have spread (volume conducted) from the nearby structures. Multiple-unit activity was amplified, filtered (Grass Model P511J or 7P511L amplifier, 300 Hz to 10 kHz), and electronically discriminated using a window discriminator (WPI) and displayed on a storage oscilloscope. The standard pulses from the window discriminator together with EEG activity were simultaneously recorded on the polygraph as reported earlier. 26 Electrobehavioural seizure assessment Electrocorticographic (ECoG) events showing a sudden conspicuous increase in voltage (amplitude) and standing out distinct from the background activity were considered epileptic. The behaviour of animals concurrent to the epileptiform ECoG events was studied, and temporal changes in the behavioural seizure severity were carefully observed according to Racine's scale. 27 Although synchronized video-EEG monitoring (recording) of seizure behaviour was not performed, while observing concurrent behaviour of epileptiform EEG events a limited number of video photographs of animals for potentially epileptiform EEG events were taken by means of a digital Panasonic camera (B/W 1/3 in 8 mm lens) and infrared illumination (Tristate IR 2 ) appropriately mounted in the recording cage. Electrophysiological recordings were obtained from conscious, unrestrained experimental and control rats using a Grass Polygraph/EEG. Animals were allowed to acclimatize to the recording chamber for 30 min before collecting experimental recordings. Animal's behaviour was critically checked for movement artefacts in the recordings. Epileptiform activity was recorded both monopolarly and bipolarly from ipsilateral and contralateral sites daily (between 11:00 and 15:00 h) from day 3-5 after intracortical injection. Development and progression of the epileptic activity was followed for 3 months after the cortical FeCl 3 or saline injection. Each recording session lasted for 4 h without interruption. Occurrence of the epileptiform EEG activity during waking periods of (passive or, quiet wakefulness) was assessed. 26 Recordings were also obtained from the epileptic animals anaesthetized with urethane to control for the appearance of movement artefacts in EEG recordings. 17, 28, 29 Electrode placements were confirmed histologically using standard procedures (Fig. 6 ). 20 For determining the effect of the drug ethosuximide on iron-induced electrical seizure activity, the drug (dissolved in physiological saline) was administered intraperitoneally (50 mg/kg) to epileptic rats. The effect of a single dose of the drug on the epileptic EEG activity was determined in epileptic animals on day 3,10,15 and 20 post FeCl 3 intracortical injection. At each of these time points, the drug effect was assessed in five animals. Besides this, the drug was given in single daily doses for consecutive 12 days to five animals at day 10 after FeCl 3 intracortical injection and to another five animals at day 20 after FeCl 3 intracortical injection. In each case an equal number of control animals received saline injection.
Results
The epileptic ECoG events determined by changes in waveform morphology and amplitudes comprised isolated spikes, polyspikes, spike wave complexes and sharp waves. Behavioural seizure (concomitant with epileptic ECoG events) consisted of only pauses in ongoing behaviour (exploratory behaviour) without loss of posture or additionally showed facial movements (twitching of vibrissae, jaw automatisms), mild head noddings, tonic flexion concurrently with biting and chewing of hindlimb extremity. Control rats did not show any electrographic and behavioural seizure activity in their EEG through the course of these experiments. The spontaneous EEG activity in the control cortical focus, and the subcortical areas ipsilateral to it: hippocampal CA1 subfield, amygdala, and striatum consisted of a low voltage fast activity pattern, whereas in the hippocampal CA3 subfield the activity was comparatively of a higher voltage faster frequency pattern (Fig. 1) . All rats that received intracortical iron injection became epileptic. Distinct epileptiform activity was readily observed chronically in the cortical and depth recordings from animals during their wake behaviour around day 8 post iron injection and onwards. Between day 3 and 8 only very minor epileptiform seizure activities seemed to appear in the EEG records ( Fig. 2A) .
At day 8 post iron injection, the cortical focus showed frequent electrical paroxysms consisting of spike-wave complexes (Fig. 2B) . Similar paroxysms were evident in the recordings from hippocampal CA1 and CA3 subfields, and caudate-putamen area. The seizure activity in the recording from the amygdala consisted of comparatively low amplitude spike-wave complexes. Comparison of the seizure activity in various leads showed that the epileptic activity from the cortical focus had spread simultaneously to all the subcortical sites. At this time point (day 8), the ECoG burst seizure activity appeared to be accompanied by pauses in ongoing exploratory behaviour without loss of posture. Facial automatisms were very scarce. At later time points (e.g. day 18, 28) electrical paroxysms of longer duration consisting of spike-wave complexes and polyspiking were seen in cortical as well as in the depth recordings ( Fig. 2C and D) . Behavioural seizure activity at these time points consisted of more facial automatisms (twitches), some jaw automatisms, head nods following pauses in behaviour without loss of posture, and tonic flexion concurrently with biting and chewing of hindlimb extremity. Severe tonic clonic behavioural seizures, however were not observed. Recordings from the contralateral sites showed that epileptiform EEG activity also occurred in the contralateral cortical focus as well as in the corresponding contralateral subcortical structures. The temporal progression of the epileptiform activity in the cortical focus and subcortical sites in the contralateral hemisphere followed a pattern similar to that in the iron-induced cortical focus and subcortical sites ipsilateral to it. From Fig. 2C (day 18 ) it is apparent that in the hippocampal CA3 subfield, the electrical seizure appeared earlier than in the cortical focus. In the recordings from the other three subcortical structures, however, the seizure activity was simultaneous with that in the cortical focus.
Simultaneous recordings of MUA and EEGs in the cortical focus and subcortical sites (Fig. 3) showed that the increases in the bursts of MUA were concurrent with EEG seizure paroxysms. The frequency of MUA concurrent to an EEG paroxysm Iron-induced experimental cortical seizures panel (Fig. 4A) shows the data recorded from the contralateral regions. It is apparent from these data that levels of MUA counts progressively increased with time in various brain regions (both ipsilateral and contralateral) as compared to respective controls (Fig. 4B, middle panel) . For example, the MUA counts in the hippocampal CA3 region increased 6-fold with time at day 15, and 10-fold at day 28. In controls there were no increases in the MUA counts across the time points studied (Fig. 4, middle panel) . Statistical comparisons (Student's t test) between the MUA counts from experimental and those from controls in each brain region showed a high significance ( p < .01) both in the ipsilateral and contralateral regions.
Effect of ethosuximide
A single dose of ethosuximide, given at various time points post iron-injection suppressed the EEG epileptic activity in all the epileptic animals tested ( Fig. 5A compared with Fig. 5B ). The drug effect appeared immediately and lasted 15-20 min, after which the electrical paroxysms in the EEG reappeared within 60-90 min (Fig. 5C ). Further observations showed that the drug given chronically once a day for 12 days completely suppressed the epileptiform activity in the cortical focus and intracerebral sites. This effect was seen in animals in which the drug administration was started at day 10 post seizure induction as well as in those in which drug treatment was started at day 20 post seizure induction.
Discussion
Stereoencephalographic studies to determine the role and seizure-induced activation of various subcortical structures in the iron-model of post-traumatic epilepsy have not been carried out. 14, 20 Since the propagation of seizure activity from the site of its initiation in the cortex to various subcortical structures may differ markedly in different epilepsies because different epileptogenic agents may differentially affect the initiating and recruiting structures, it is of interest to investigate different models of epilepsy stereoencephalographically. 17 The seizure-induced activation of subcortical brain regions as mapped by field potential and multipleunit action potential recordings reflects an anatomic delineation of the seizure spread, and also participation of the affected brain regions in the generalization of seizure activity. 30, 31 Our previous observations have shown that the iron-induced cortical epileptic activity propagates from the cortical focus to the thalamus, locus coeruleus and substantia nigra. 20, 21 The present study has furthermore demonstrated that the cortical focal seizure activity propagates to the hippocampus, amygdala and striatum. The contralateral (mirror) focus together with the contralateral subcortical sites also become fully Iron-induced experimental cortical seizuresactive. The seizure activity in the subcortical sites appeared simultaneously with that in the cortical focus, and also increased in parallel with that in the cortical focus. The EEG seizure activity was associated with the corresponding increases in multiple-unit action potentials. It would, thus, appear that an extensive intracerebral anatomical circuit develops to subserve the spontaneous generalized seizure activity in the cerebrum. The present data are consistent with animal experimental and human epilepsy studies in which MUA and EEGs were simultaneously recorded in cortical and subcortical structures for investigating the spread of cortical epileptic activity to subcortical structures. 19,32,33a-33c In the present study, no delay was observed between the appearance of epileptic activity in the cortical focus and its occurrence in the subcortical regions. In a rat model of genetic petit mal like 686 V. Sharma et al. seizures, a simultaneous initiation and synchronous occurrence of epileptic activity was noticed in the cortex and various subcortical structures. 34 A small time difference between epileptic discharges in various sites, however, was found in some experimental epilepsy studies by using fast Fourier transformation of multiple EEG signals, cross-spectral phase and co-relational and coherence analyses that reveal temporal relationships between the EEG and cellular firing. 19, 33 In the present study of iron-epilepsy model also small time differences between the occurrence of epileptic activity at various sites are probable because the propagation of activity from one site to the other may involve small time delays. However, our data are limited in this respect since observations were made by the visual inspection of EEG epileptiform activity as in several other studies. 17, 34 In the iron-induced focal epilepsy model, the EEG seizure activity from the start becomes generalized in the cerebral cortex. 13, 14 The model thus differs from those focal epilepsy models in which focal epileptiform activity does not become generalized. For example, in the g-aminobutyric acid (GABA)-withdrawal focal epilepsy model 35 the epileptogenic process somehow remains localized and limited to the original focus. Our results further showed that, unlike several other generalized cortical seizure models, 36 in the iron-epilepsy model the spike-wave epileptiform activity of the cortical focus is propagated in to the limbic structures. The spread of focal spike-and-wave seizure activity to the hippocampal CA1 and CA3 areas makes the ironmodel different from the rat model of petit mal epilepsy 32, 34 in which the seizure activity, although arises in corticothalamic system was not found to invade the CA1 and CA3 areas of the hippocampus and the other limbic structures.
Our observations are also consistent with a recent study 37 in which the fluid percussion injury-induced Iron-induced experimental cortical seizures 687 fronto-parietal cortical post-traumatic epilepsy in the rat was found to progress to mesial temporal lobe epilepsy, and it was further found that independent cortical and hippocampal epileptic foci evolved differentially overtime post injury. Our observations that the seizure activity in the hippocampal CA1 area begins to lead the seizure activity of the cortical focus would be consistent with the concept that independent neocortical and hippocampal epileptic foci may coexist in the traumatic injury-induced epilepsy. 37, 38 The hippocampus is known to be a key structure for seizure generation, and its CA3 area may act as a pacemaker of synchronous epileptic activity. 39, 40 It has a role in human post-traumatic and temporal lobe epilepsies. In fact both the CA1 and CA3 areas of the hippocampus may contribute to the generalization and expression of seizure activity. 15 In clinical temporal lobe epilepsy, electrographic seizures recorded from the hippocampus are not necessarily linked to, or induced by, an excessive oscillation of thalamocortical neurons. 32 From the present data on iron-model, it would appear that hippocampal discharges increase in parallel with those of the thalamocortical system. 20 Thus, in the iron-induced epilepsy the thalamocortical synchronized activity appears to be associated with the induction of epileptic activity in the hippocampus. It has also been reported that seizure activity reaching the hippocampus can lower its threshold to seizures by increasing the basal release of endogenous acetylcholine. 39 This may have implications for the human post-traumatic epilepsy because like the temporal lobe epilepsy, in the post-traumatic epilepsy also the hippocampus is affected. The ironmodel is also similar to picrotoxin-induced generalized epilepsy model in which the epileptic activity following its initiation in the cortex radiates to the hippocampus and amygdala besides thalamus. 19 In the rat model of human febrile seizures also, 17 seizure propagation in the hippocampus and amygdala has been demonstrated.
The seizure activity propagated into limbic regions can in turn contribute to amplification and generalization of cortical seizure activity, however, this is sometimes considered uncertain as the limbic seizure activity may not readily propagate to the cortex. 34 Seizure activity originating in the amygdala in some studies, however, has been found to spread to the hippocampus and cortex. 36 So to a limited extent there is a possibility that the seizure activity generated in the limbic regions in the iron-model may be additive to the cortical seizure activity and may thus enhance generalized seizure activity. Seizure-induced caudate-putamen activation seen in the present study would appear to be similar to that found in the limbic seizures. 36 Furthermore, a convulsive status which includes facial-oral automatisms, sniffs and head noddings which may be due to the spread of the seizure activity in the region of caudate-putamen, amygdala and other related structures 34, 36 is associated with limbic seizures. In the iron-epilepsy model these convulsive phenomena do occur but no major tonic-clonic type of convulsions have been found. 13, 14 Our ethosuximide experiments showed that the drug suppressed the epileptiform activity in the iron-induced epilepsy model. Ethosuximide is effective against pentylenetetrazol-induced seizures, 28 but it is ineffective against maximal electroshock seizures. 40 Pentylenetetrazol induces spontaneous seizure activity in hippocampal circuits by activation of the entorhinal cortex. 28 Therefore, ethosuximide's effectiveness against iron-induced seizures may at least in part be mediated by its possible action on the entorhinal cortex. Of further interest is the recent observation that ethosuximide is able to act focally at cortical sites to abolish absence seizures in the genetically determined absence epilepsy animal models. 23 Ethosuximide's mechanism of action is also presumed to be related to its effect on the thalamic calcium currents 41, 42 and on the hypersynchronizing electrophysiological activity in the reticular-thalamic-cortical net. 22 In our previous work, we have found that the thalamocortical circuit is activated in the iron-induced epilepsy. 20 Therefore, ethosuximide's effect may also be mediated by the drug's action on the thalamocortical circuit. Furthermore, ethosuximide as a calcium channel blocker is likely to possess antilipidperoxidative and glutathione peroxidase stimulating action. 25 Therefore, the drug's antioxidative action may also mediate its antiepileptic effects in this model.
